To determine the phylogenetic placement of the major groups of higher fungi, we sequenced the DNA sequences from the small-subunit ribosomal RNA ( 18s rRNA) coding regions from Tuphrina wiesneri (synonym: T. cerusi) and Saitoellu complicata and compared them to 18s rRNA sequences from the oomycetes, chytridiomycetes, zygomycetes, ascomycetes, and basidiomycetes. Here we demonstrate that the ascomycetes have at least two major evolutionary lineages. Taphrina wiesneri and Saitoella complicata form a monophyletic branch that diverged prior to the separation of other ascomycetes. The same treatment could be accorded to Schizosaccharom yces porn be.
Introduction
The phylogenetic position of Taphrina has attracted mycologists' attention in the evolution of fungi. Mycologists such as Savile ( 1968) have long suspected that Taphrina represented an early divergence in the higher fungi. The life cycle of Taphrina species in the order Taphrinales of the ascomycetes is unique (Kramer 1960 (Kramer , 1973 (Kramer , 1987 . They are dimorphic plant parasites, forming mycelium and asci in their parasitic phase and budding yeast cells in their saprotrophic phase. They have no ascomata (ascomycetous fruiting bodies). During the parasitic phase, they develop dikaryotic mycelial cells within plant tissues. After meiosis, haploid ascospores develop into budding yeasts that appear as pink colonies on artificial media. Taphrina wiesneri (synonym: T. cerasi) examined here attacks Japanese cherry trees (Prunus yedoensis), causing "witches' brooms" (Ito 1964; Tubaki 1978) . On the other hand, Saitoella, for which only the species S. complicata has been described, represents an anamorphic yeast (Goto et al. 1987) .
According to existing classification systems of fungi (Ainsworth 1973) ) T. wiesneri and S. complicata belong to the Hemiascomycetes (Ascomycotina) and the Blastomycetes ( Deuteromycotina), respectively, which are essentially provisional taxonomic groups. Nevertheless, these two species share some characteristics with the ascomycetes and basidiomycetes. For example, in both T. wiesneri and S. complicata, the negative diazonium blue B (DBB) reaction and negative extracellular DNase activity resemble characteristics of ascomycetous yeasts, whereas the positive urease activity and major ubiquinone system Q-10 resemble those of basidiomycetous yeasts (Nakase and Komagata 197 1; Sugiyama et al. 1985; Goto et al. 1987) . With respect to the mode of budding, these two species are of the enteroblastic type, which is typical of the basidiomycetous yeasts (von Arx et al. 1982; Goto et al. 1987 ).
Material and Methods
The DNA of 18s rRNA coding regions from Taphrina wiesneri (IF0 7776; isolated and identified by K. Tubaki as T. cerasi) and Saitoella complicata (IAM 12963; Goto et al. 1987 ) was amplified using polymerase chain reaction (PCR) conditions (Saiki et al. 1988) with Taq DNA polymerase (Takara) and the oligodeoxynucleotides 5 '-ATCTGGTTGATCCTGCCAGT-3 ' and 5 '-GATCCTTCCGCAGGTTCACC-3', which were synthesized on the basis of conserved regions at the 5 ' and 3 ' termini of eukaryotic 18s rRNAs. Amplified DNA was purified by agarose electrophoresis. Sequences were obtained directly from amplified DNA, with Sequenase version 2.0 (U.S. Biochemical). As a result, 1,739 positions were determined in T. wiesneri, and 1,736 positions were determined in S. compiicata, excluding -60 positions, at the 5' and 3' term%, that appear to be of little evolutionary significance. The nucleotide sequence data reported in this paper have been included in the DDBJ, EMBL, and GenBank nucleotide sequence data bases, under the accession numbers DO 1174, for S. complicata, and DO 1175, for T. wiesneri. The 18s rRNA sequences of Oryza sativa (Takaiwa et al. 1984) , Phytophthora megasperma, Lagenidium giganteum, Blastocladiella emersonii (Forster et al. 1990 ), Athelia bombacina (Illingworth et al. 199 Sogin et al. 1986 ), KZuyveromyces Zactis (Maleszka and Clark-Walker 1990) , Saccharomyces cerevisiae (Mankin et al. 1986) , and Candida albicans (Hendriks et al. 1989 ) have been reported and used in this study. The sequences of Mucor racemosus, Schizosaccharomyces pombe, and Podospora anserina (determined by M. L. Sogin) were obtained from the EMBL data base. The alignment used for this study has been submitted to the EMBL data base under submission number DS 12 100.
Results and Discussion
Sequence data from 18s rRNA permit the inference of a phylogenetic framework on different taxonomic levels (Bruns et al. 199 1 ) , because 18s rRNA sequences are relatively large molecules containing highly conserved elements as well as partially conserved elements. We have analyzed the DNA sequences from the gene encoding 18s rRNA amplified by PCR. Thirteen eukaryotic 18s rRNAs were aligned with Taphrina and Saitoella by using the ODEN computer program (Ina 199 1) . A total of 1,66 1 positions were considered.
The phylogenetic tree in figure 1 was constructed from the evolutionary distance data of Kimura ( 1980) by using the neighbor-joining method (Saitou and Nei 1987) . Bootstrap resampling (Felsenstein 1985 ) was used to estimate reliability of the inferred tree. This tree shows that the higher fungi are a monophyletic group. Taphrina wiesneri, Saitoella complicata, and the fission yeast Schizosaccharomyces pombe form, within the ascomycetes, a major lineage different from the filamentous ascomycetes and the ascomycetous yeasts. In figure 1 , bootstrap analysis indicated 86% support for this lineage monophyly. According to existing fungal classification systems, Taphrina and Schizosaccharomyces belong to the hemiascomycetes (Kramer 1973; Kreger-van Rij 1973) . Nevertheless, in figure 1 the lineage consisting of T. wiesneri, Saitoella complicata, and Schizosaccharomyces pombe is far from the hemiascomycetous lineage consisting of Kluyveromyces lactis (an ascomycetous yeast), Saccharomyces cerevisiae (an ascomycetous yeast), and Candida albicans (an anamorphic yeast). The hemiascomycetous lineage is more closely related to the euascomycetous lineage represented by the two pyrenomycetes -i.e., the bread mold Neurospora crassa and the coprophilous fungus Podospora anserina -rather than to a new phylogenetic group consisting of T. wiesneri, Saitoella complicata, and Schizosaccharomyces pombe. The phylogenetic placement of the fission yeast Schizosaccharomyces pombe has not been clear (Kurtzman and Robnett 199 1) . The phylogenetic tree in figure 1 suggests that the ascomycetes are not ancestral to the basidiomycetes.
A majority-rule consensus tree in figure 2 was constructed using 100 trees produced by the bootstrapping in maximum-parsimony analysis ( Swofford 1989) . All 100 trees indicated monophyly of the higher fungi, that of the euascomycetes, that of the hemiascomycetes except for Taphrina and Schizosaccharomyces, and that of the basidiomycetes represented by the basidiomycetous yeast Leucosporidium scottii and the mushroom relative Athelia bombacina. The phylogenetic trees constructed by the neighbor-joining method and by the maximum-parsimony method differ in the evolutionary position of Schizosaccharomyces pombe. The latter cladistic analysis using bootstrapping ( fig. 2) suggests that Schizosaccharomyces pombe represents the lineage diverging earliest from the common ancestor of ascomycete and basidiomycete.
However, whenever the rate of nucleotide substitutions varies greatly, the neighbor-joining method is more efficient than the maximum-parsimony method (Saitou and Imanishi (Swofford 1989 ) . The numerals represent the frequency of occurrence for that clade, and branching construction was limited to frequencies of occurrence &75%.
1989).
Nevertheless, when the evolutionary position of Schizosaccharomyces pombe is excluded, the topology in figure 2 is similar to that in figure 1 . This study presents a new phylogenetic framework for higher fungi. The higher fungi form a monophyletic lineage. Analysis of the sequence data reveals that a lineage of T. wiesneri and Saitoella complicata diverged before the hemiascomycetes and euascomycetes branched off. The evolutionary position of S'chizosaccharomyces pombe is unique, and it should also be removed from the hemiascomycetes.
